Magnetoelectric ͑ME͒ laminated composites with all phases environmentally friendly were prepared by sandwiching one layer of thickness-polarized ͑Bi 1/2 Na 1/2 ͒TiO 3 -͑Bi 1/2 K 1/2 ͒TiO 3 -BaTiO 3 lead-free piezoelectric ceramic disk between two layers of thickness-magnetized Tb 0.3 Dy 0.7 Fe 1.92 giant magnetostrictive alloy disk along the thickness direction. The composites exhibited the maximum ME voltage coefficient of 40.7 mV/Oe with a flat response in the measured frequency range of 0.1− 20 kHz under a dc magnetic bias of 5 kOe. The induced ME voltage showed an extremely linear relationship to the applied ac magnetic field with amplitude varying from 3 ϫ 10 −5 to 10 Oe over a broad range of dc magnetic bias of 0 − 5.5 kOe. The high ME effect was analyzed and found to be comparable to most major lead-based ME composites. The present study opens up possibilities for developing green ME devices.
I. INTRODUCTION
The magnetoelectric ͑ME͒ effect, defined as an electric polarization response of a material to an applied magnetic field, is of both fundamental and technological importance. 1 This effect has been a hot research topic in recent years due to its potential applications in solid-state, self-powered ME devices. These include magnetic field sensors, current sensors, and speed sensors, to name a few. 2 To date, numerous single-phase and multiphase ME materials have been reported. [3] [4] [5] [6] [7] [8] [9] Among them, multiphase materials in forms of two-phase magnetostrictive-piezoelectric laminated composites or three-phase polymer-bonded magnetostrictivepiezoelectric laminated composites have attracted particular interest because of their naturally stronger ME effect characterized by larger ME voltage coefficient ͑␣ V ͒ and higher detection sensitivity. Typical examples comprise laminated composites of Tb 1−x Dy x Fe 2−y ͑Terfenol-D͒ giant magnetostrictive alloy or its polymer-bonded composites and Pb͑Zr,Ti͒O 3 ͑PZT͒ piezoelectric ceramic or ͑1−x͒Pb͑Mg 1/3 Nb 2/3 ͒O 3−x PbTiO 3 ͑PMN-PT͒ piezoelectric single crystal or their polymer-bonded composites. The reported ␣ V values are in the range of 20− 110 mV/ Oe and the detection sensitivities are typically down to 10 −5 Oe. [4] [5] [6] [7] [8] [9] The high ME effect in these multiphase materials essentially originates from the efficient stress-mediated ME coupling interaction between the magnetostrictive and piezoelectric material phases. While the existing ME multiphase materials are effective and useful, the so-called high-performance piezoelectric phase ͑i.e., PZT or PMN-PT͒ contains a considerable amount of lead ͑Pb͒. In fact, Directive 2002/95/EC on the Restriction of the use of Certain Hazardous Substances in Electrical and Electronic Equipment ͑RoHS͒ and Directive 2002/96/EC on Waste Electrical and Electronic Equipment ͑WEEE͒ have expelled lead from many commercial applications and materials ͑e.g., from solder, glass, and pottery glaze͒ in Europe owing to concerns regarding the pollution on the environment and its toxicity to humans. 10, 11 There is a global tendency to abandon the use of lead-based piezoelectric materials. Therefore, lead-free piezoelectric ceramics, which do not give rise to lead contamination and hazards, have undergone an intensive worldwide search in recent years in order to find good candidates to replace the commonly used lead-based piezoelectric materials. [12] [13] [14] In response to the needs, we have prepared a perovskite-type lead-free piezoelectric ceramic ͑Bi 1/2 Na 1/2 ͒TiO 3 -͑Bi 1/2 K 1/2 ͒TiO 3 -BaTiO 3 ͑abbreviated as BNKT-BT͒ and measured attractive piezoelectric properties in comparison with the conventional PZT or PMN-PT leadbased piezoelectric materials ͑Table I͒. 15 As this ceramic can be treated as a prototype material in the lead-free piezoelectric ceramic community, it is expected that a reasonably high a͒ Electronic mail: yanmin_jia@yahoo.com.cn JOURNAL OF APPLIED PHYSICS 101, 104103 ͑2007͒ ME effect can be realized in BNKT-BT-based ME materials so as to enable green ME device technology. In this article, we describe the structure, fabrication, and working principle of a two-phase laminated composite with all phases environmentally friendly based on Terfenol-D giant magnetostrictive alloy and BNKT-BT lead-free piezoelectric ceramic ͑Fig. 1͒ as well as report experimentally and theoretically a high ME effect in such a composite with great values in green ME devices. Figure 1 illustrates the structure of the two-phase laminated composite of Terfenol-D and BNKT-BT. The composite consists of one layer of thickness-polarized BNKT-BT disk sandwiched between two identical layers of thicknessmagnetized Terfenol-D disk along the thickness direction.
II. STRUCTURE, FABRICATION, AND WORKING PRINCIPLE
The BNKT-BT disk, 10 mm in diameter and 1 mm thick and with its polarization ͑P͒ direction oriented in the thickness direction, was prepared in-house using the conventional mixed oxide technique. 15 Commercially available powders of Bi 2 O 3 , Na 2 CO 3 , K 2 CO 3 , BaCO 3 , and TiO 2 with purities higher than 99% were used as the starting materials. The powders were weighted according to the compositional formula of ͑Bi 1/2 Na 1/2 ͒TiO 3 -͑Bi 1/2 K 1/2 ͒TiO 3 -BaTiO 3 and then mixed in alcohol using Y 2 O 3 -stabilized zirconia balls for 10 h. Calcination of the mixture was conducted at 800°C for 1 h. The resulting mixture was ball-milled in alcohol for 10 h. After drying, the ball-milled powder was mixed thoroughly with a PVA binder solution for granulation. The granulated powders were pressed uniaxially into a disk and sintered at 1170°C for 2 h in an air atmosphere. The sintered disk was covered with silver electrodes on the two major surfaces, and polarization was imparted using these two electrodes in a silicone oil bath at 80°C under 4.5 kV/mm for 5 min. The piezoelectric properties of the polarized BNKT-BT disk were measured according to the procedures stated in the IEEE Standard on Piezoelectricity.
4 Table I shows the measured properties of our BNKT-BT ceramic, together with those of some major lead-based piezoelectric materials, such as PZT-5H soft ceramic, 16 PZT-8 hard ceramic, 16 and ͗001͘-oriented PMN-PT single crystal, 17 for comparison. It is clear that our BNKT-BT ceramic has properties comparable to the conventional lead-based materials. The Terfenol-D disks, with the composition of Tb 0.3 Dy 0.7 Fe 1.92 , were commercially supplied with the dimensions the same as the BNKT-BT disk ͑Baotou Rare Earth Research Institute, China͒. They had the highly magnetostrictive ͓112͔ crystallographic axis along the thickness direction and thus magnetization ͑M͒ was relatively easy in this direction. Their magnetostrictive properties are summarized in Table I . 18 To construct the Terfenol-D/BNKT-BT/Terfenol-D laminated composite ͑Fig. 1͒, a BNKT-BT disk was bonded between two Terfenol-D disks along the thickness direction using a silver-loaded epoxy adhesive ͑Chemence Ionacure SL65͒ under a pressure of 10 MPa at 40°C for 4 h to ensure good mechanical coupling between disks. The electrical wires were connected to the leads extended from the two electrodes of the BNKT-BT disk to form the output terminals.
The working principle of our laminated composite ͑Fig. 1͒ is essentially based on the product-property of the magnetostrictive effect in the Terfenol-D disks and the piezoelectric effect in the BNKT-BT disk, which are mediated by an effective mechanical coupling. In more detail, applying an ac magnetic field ͑H 3 ͒ to the thickness direction of the composite produces planar magnetostrictive strains along the plane of the Terfenol-D disks, leading to planar stresses on the sandwiched BNKT-BT disk and causing it to produce thickness piezoelectric voltage ͑V 3 ͒. For sensor applications, we analyze the composite by assuming that it is mechanically free in the 3-direction ͑i.e., stresses vanish in the 3-direction͒ and that it operates at frequencies well below its fundamental shape resonance. As the Terfenol-D disks are relatively thin and have the M direction oriented along their thickness in the 3-direction, deformations are essentially along the plane in the 1-and 2-directions. An averaging method is used for deriving effective material parameters of this composite. 21 We can ignore any flexural deformations of the layers. The magnetostrictive phase is assumed to have a cubic symmetry and is described by the following equations: For the polarized piezoelectric phase with the symmetry ϱm, the piezoelectric constitutive equations can be written as following: Assuming in-plane mechanical connectivity between the two phases with appropriate boundary conditions, ME voltage coefficient can be obtained by solving Eqs. ͑1a͒, ͑1b͒, ͑2a͒, and ͑2b͒. Previous models assumed ideal coupling at the interface. Here we introduce an interface coupling pa-
boundary conditions, 19 where p S i0 is the strain with no friction. The k value is 1 for ideal coupling and is 0 for the case with no friction. The tri-layer is considered as homogeneous and the behavior is described by the following equations containing effective parameters for the composites: 
This equation is the same form with the expression for longitudinal ME voltage coefficient by Harshe et al. [21] [22] [23] Substituting the corresponding material and geometric parameters of our samples into Eq. ͑6͒, the ME coefficient a V is ϳ32.1 mV/ Oe under free boundary condition.
III. MEASUREMENTS
The ME effect of the fabricated composite was characterized at room temperature and with zero stress bias using an automated ME measurement setup shown in Fig. 2 . The ME voltage ͑V 3 ͒ induced in the composite was measured under different combinations of ac magnetic field strength ͑H 3 ͒, dc magnetic bias level ͑H Bias ͒, and ac magnetic field frequency ͑f͒ in the ranges of 3 ϫ 10 −5 − 10 Oe, 0 − 5.5 kOe, and 1 − 20 kHz, respectively. H 3 was provided by a Helmholtz coil driven by a dynamic signal analyzer ͑Ono Sokki CF5220͒ via a constant-current supply amplifier ͑AE Techron 7572͒. H Bias was supplied by a U-shaped electromagnet ͑Myltem PEM-8005K͒ controlled by a dc current supply ͑Sorensen DHP200-15͒. H 3 and H Bias were monitored in situ by a pick-up coil connected to an integrating fluxmeter ͑Walker MF-10D͒ and a Gaussmeter ͑F. W. Bell 7030͒, respectively. V 3 was determined from the measured charges ͑Q 3 ͒ and capacitances ͑C͒ of the BNKT-BT disk in the composite based on the relationship
where Q 3 and C were acquired by a charge amplifier ͑Kistler 5015A͒ and an impedance analyzer ͑Agilent 4294A͒, respectively. All quantities were sampled and recorded by the dynamic signal analyzer and stored in a computer. The dependence of the ME voltage coefficient ͑␣ V ͒ on both H Bias and f was established from the slope of the corresponding V 3 -H 3 plot. Figure 3 shows the induced ME voltage ͑V 3 ͒ as a function of applied ac magnetic field ͑H 3 ͒ for various dc magnetic biases ͑H Bias ͒ at the frequency of 1 kHz. It is seen that H 3 has good linear responses to H 3 in the entire H 3 range of 3 ϫ 10 −5 − 10 Oe for all H Bias . The observation also indicates the high detection sensitivity nature of our composite although it is subject to an H 3 as small as 3 ϫ 10 −5 Oe. A further improved detection sensitivity of 10 −6 −10 −7 Oe is practically viable by shielding the magnetic noises and improving the composite quality. It is noted that the greatest V 3 -H 3 response occurs at H Bias of 5 kOe. From the slope of the V 3 -H 3 plot at H Bias = 5 kOe, the ME voltage coefficient ͑␣ V ͒ is determined to be 40.7 mV/Oe. Based our calculation, ␣ V is 32.1 mV/Oe under free boundary condition. The experimental result is in good accordance with the prediction. The slight discrepancy may be due to in front of the roughness of each layer, the small difference of material constants of Terfenol-D between the cited value and the practical value, 18 the thickness and strength of the interface layer between the piezoelectric layer and magnetostrictive layer, 24 the pyroelectric effect of the ME composite, 25, 26 etc. Nevertheless, we can approximately and simply estimate the magnitude of the ME coefficient for laminated composites through this model. Consequently, this ␣ V and its associated detection sensitivity are comparable to those of most major two-or three-phase lead-based ME laminated composites, where ␣ V of 20− 110 mV/ Oe and detection sensitivity of 10 −5 Oe are commonly achieved.
IV. RESULTS AND DISCUSSION
4-9 Figure 4 shows the dependence of the ME voltage coefficient ͑␣ V ͒ on dc magnetic bias ͑H Bias ͒ at the frequency of 1 kHz. The values of ␣ V are obtained from the slopes of the V 3 -H 3 plots in Fig. 3 at various H Bias . It is interesting to note that ␣ V increases linearly over a broad range of H Bias from 0 to 3 kOe; it then tends to deviate from this linear relationship and reaches the technical maximum value of 40.7 mV/Oe at This low-field linear range, to a certain extent, is broader than some major two-or three-phase lead-based ME laminated composites of less than 1 kOe. [4] [5] [6] [7] [8] [9] The composite is a good candidate for use in dc ME sensors, besides the generally studied topic on the ac ME effect. 27 Figure 5 shows the frequency ͑f͒ dependence of the ME voltage coefficient ͑␣ V ͒ under different dc magnetic biases ͑H Bias ͒. It is obvious that ␣ V has flat responses in the measured frequency range of 0.1− 20 kHz at all H Bias with no remarkable dispersion of the ME effect. This suggests that our composite can be fabricated as a broadband, solid-state, lead-free ME device for f up to and, probably, beyond 20 kHz. For further improving the dynamic performance of the composite, preparation of a three-phase polymer-bonded version, instead of the current two-phase version, is strongly recommended. [4] [5] [6] [7] [8] [9] 
V. CONCLUSION
In summary, a high ME effect has been found experimentally and theoretically in environmentally friendly laminated composites consisting of one BNKT-BT lead-free piezoelectric ceramic disk sandwiched between two Terfenol-D giant magnetostrictive alloy disks in the thickness direction. Besides its healthy nature, the results have demonstrated that this composite possesses a high ␣ V of 40.7 mV/Oe at an optimal H Bias of 5 kOe for a wide frequency range of 1 − 20 kHz, an excellent linear relationship between V 3 and H 3 for H 3 varying dynamically from 3 ϫ 10 −5 to 10 Oe under different H Bias of 0-5 Oe, and a good linearity between ␣ V and H Bias for H Bias extending to 3 kOe. All these performances are comparable to most major two-or threephase lead-based ME laminated composites, suggesting promising applications of the composite in green ME devices. 
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